The paleogeography of New Guinea indicates fluctuating periods of flooding and emergence since the Jurassic, which are inconsistent with estimates of global sea level change since the Eocene. The role of deep Earth dynamics in explaining these discrepancies has not been explored, despite the strongly time-dependent geodynamic setting within which New Guinea has evolved. We aim to investigate the role of subductiondriven mantle flow in controlling long-wavelength dynamic topography and its manifestation in the regional sedimentary record, within a tectonically complex region leading to orogeny. We couple regionally refined global plate reconstructions with forward geodynamic models to compare trends of dynamic topography with estimates of eustasy and regional paleogeography. Qualitative corroboration of modelled mantle structure with equivalent tomographic profiles allows us to ground-truth the models. We show that predicted dynamic topography correlates with the paleogeographic record of New Guinea from the Jurassic to the present. We find that subduction at the East Gondwana margin locally enhanced the high eustatic sea levels from the Early Cretaceous (∼145 Ma) to generate long-term regional flooding. During the Miocene, however, dynamic subsidence associated with subduction of the Maramuni Arc played a fundamental role in causing long-term inundation of New Guinea during a period of global sea level fall. The paleogeography of New Guinea indicates fluctuating periods of flooding and 27 emergence since the Jurassic, which are inconsistent with estimates of global sea level 28 change since the Eocene. The role of deep Earth dynamics in explaining these 29 discrepancies has not been explored, despite the strongly time-dependent geodynamic 30 setting within which New Guinea has evolved. We aim to investigate the role of 31 subduction-driven mantle flow in controlling long-wavelength dynamic topography 32 and its manifestation in the regional sedimentary record, within a tectonically 33 complex region leading to orogeny. We couple regionally refined global plate 34 reconstructions with forward geodynamic models to compare trends of dynamic 35 topography with estimates of eustasy and regional paleogeography. Qualitative 36 corroboration of modelled mantle structure with equivalent tomographic profiles 37 allows us to ground-truth the models. We show that predicted dynamic topography 38 correlates with the paleogeographic record of New Guinea from the Jurassic to the 39 present. We find that subduction at the East Gondwana margin locally enhanced the 40 high eustatic sea levels from the Early Cretaceous (~145 Ma) to generate long-term 41 regional flooding. During the Miocene, however, dynamic subsidence associated with 42 subduction of the Maramuni Arc played a fundamental role in causing long-term 43 inundation of New Guinea during a period of global sea level fall. 44 45
Introduction 51
The New Guinea margin is arguably one of the most tectonically complex 52 settings in the world, comprising a diverse assemblage of accreted arc terranes, 53 continental fragments, and obducted ophiolite belts . The 54
reconstructions for New Guinea presented in Zahirovic et al (2014) (Model A) and 176
Zahirovic et al (2016b) (Model B). These reconstructions are differentiated by 177 regional refinements that make it possible to test end-member tectonic scenarios (see 178   Table 1 ). Importantly, these scenarios are used as surface boundary conditions for 179 mantle flow models, providing the evolution of plate boundaries, plate velocities, 180 thermal lithospheric thicknesses for oceans and continents and slab buoyancy flux 181 . The vertical component of topography resulting from the 182 modelled mantle convection is extracted to generate dynamic topography predictions 183 (see Section 2.3). 184
In the New Guinea region, the major differences between the two plate 185 reconstructions primarily concern the timing of tectonic events. In the model of 186 in latest Jurassic times (~172 Ma) (Table 1) (Davies, 2012) . Consequently, the 190 opening of the Sepik ocean basin occurs significantly later in Model A compared to 191
Model B, which uses the supra subduction zone (SSZ) ophiolites in the Central Irian 192
Ophiolite Belt (likely of latest Jurassic age) to mark this opening at ~157 ± 16 Ma 193 (Table 1) (Permana, 1998) 
. Regional volcanism in the Early Cretaceous and the 194
Kondaku Tuffs (Dow, 1977) 
support an active New Guinea margin by Early 195
Cretaceous times, as well as latest Jurassic SSZ ophiolites, which are likely a remnant 196 of the long-lived East Gondwana active margin (Zahirovic et al., 2016b) . 197
It remains difficult to determine the longevity of this ocean basin as minimal 198 seafloor spreading history has been preserved. Model A uses a late Paleogene age of 199 ~35 -31 Ma for the onset of north-dipping subduction along the Sepik as proposed by Pigram and Davies (1987) , whilst Model B uses the presence of ~68 Ma high-201 temperature metabasites in the West Papuan Ophiolite as suggested by Davies (2012) 202 to support a significantly earlier age of subduction initiation at ~71 -66 Ma (Table 1) . 203
The New Guinea margin subsequently experienced two collisional phases; one in the 204 late Eocene to early Oligocene, the evidence for which remains preserved solely in 205 eastern New Guinea (Crowhurst et al., 1996) , and a second, island-wide collisional 206 phase in Miocene times (Hill and Hall, 2003) . In regards to the former, Zahirovic et al 207 -18 Ma (Crowhurst et al., 1996) . This is compared to Zahirovic et al.'s (2016b) 210 (Model B) slightly earlier interpretation of 35 -31 Ma, that was based on the Ar-Ar 211 amphibolite age of Emo metamorphics, assuming the Sepik terrane docking was 212 contemporaneous with compression in the Papuan Peninsula (Table 1) (Worthing and 213 Crawford, 1996) . It is likely that rather than representing alternate timing scenarios 214 for collision, these different age interpretations reflect the diachronous collision east-215 west along the New Guinea margin. 216
Following this accretion, both reconstructions mark the presence of a south-217 dipping subduction zone to the north of New Guinea that accounts for the ~18 -8 Ma 218
Maramuni arc volcanism (Hill and Hall, 2003) . The models differ in timing however, 219
with Model A placing the subduction between 15 -5 Ma, compared to an earlier date 220 of ~20 -10 Ma used in Model B (Table 1 ). The final phase of collision involved the 221 accretion of the Halmahera-Torricelli-Finisterre Arc. Model A uses apatite fission 222 track geochronology to mark the collision at ~6 Ma as proposed by Hill and Raza 223 (1999), whilst Model B uses an earlier collision age of ~14 Ma as evidenced through 224 K-Ar thermochronology (Table 1) (Crowhurst et al., 1996) . As apparent, the complextectonic history of New Guinea has resulted in unresolved uncertainties in the plate 226 reconstructions, and thus testing multiple kinematic reconstructions allows us to 227 generate geodynamic scenarios that can be compared with the available surface 228 geology and mantle seismic tomography. 229 230
Geodynamic modelling 231
We apply methods developed by Bower et al (2015) that incorporate plate 232 reconstructions into numerical models of mantle convection to predict past mantle 233 flow. Viscous incompressible mantle flow was computed using the Boussinesq 234
Approximation in the convection modelling code CitcomS (Zhong et al., 2008) . To 235 calculate mantle flow, surface boundary conditions were imposed including global 236 plate velocities and lithospheric thicknesses derived from the plate reconstructions. 237
The surface boundary conditions such as the thermal structure of the lithosphere and 238 slabs above 350 km depth are progressively assimilated at 1 Myr time intervals 239 following Bower et al (2015) . The implications of assimilating slab and lithosphere 240 structure is that the upper boundary layer is no longer dynamic (i.e., imposed), which 241 modifies the slab flux entering the mantle. However, due to the complex tectonic 242 history in this region and the deep-time nature of the evolution (i.e., since Jurassic 243 times), backward advection models (Conrad and Gurnis, 2003) are not suitable. In 244 addition, the focus of this study is on long-wavelength dynamic topography, which 245 primarily results from whole-mantle convection. All numerical models were 246 
265
where α is the coefficient of thermal expansivity, ρ the density, the acceleration due 266 to gravity, ΔT the temperature difference between the surface and the CMB, h M the 267 thickness of the mantle, κ the thermal diffusivity, η the dynamic viscosity, with the 268 subscript "0" indicating reference values (see Table 2 ). We varied the viscosity profile 269 based on stress and temperature, following 270 increasing from 10 to 100 in the lower mantle between 660 km and the core-mantle 285 boundary (CMB) (Fig. 4) (Steinberger and Calderwood, 2006) . This radial viscosity 286 pre-factor is also applied to the assimilated slab material in the lower viscosity 287
asthenosphere. However, due to the temperature-dependent viscosity used in these 288 models, the slabs retain a larger relative viscosity than the asthenosphere. The 289 present-day volume-averaged viscosity for Case 4 is 41.6 x 10 21 Pa s. Here, it is 290 important to test a range of viscosity scenarios for the lower mantle as it plays a 291 significant role in the observed dynamic topography trends, accounting for on average 292 58% of the observed signal as derived from Case 4 (Supp. Fig. 1 ). The average model 293 resolution, obtained with ~13 × 10 6 nodes and radial mesh refinement, is 294 ~50 × 50 × 15 km at the surface, ~28 × 28 × 27 km near the CMB, and ~40 × 40 × 295 100 km in the mid-mantle. With this model setup, we hope to quantify some of the 296 uncertainty in the region by capturing possible end-member scenarios for the New 297
Guinea margin. respectively (see Table 2 for other parameters). Water-loaded dynamic topography is 304 calculated from the total normal stress resulting from mantle flow but excludes 305 buoyancy and lateral viscosity variations above a depth of 350 km, which is the 306 maximum depth to which slabs are inserted using time-dependent upper boundary 307 conditions . This results in a relatively low amplitude of dynamic 308 topography, as convection closer to the upper thermo-chemical boundary layer 309 generates stronger dynamic topography signals. However, due to the synthetic 310 insertion of slabs down to 350 km, the procedure to exclude these shallow depths is 311 necessary. The output dynamic topography and mantle evolution is then coupled with 312 the aforementioned plate reconstructions, to present a series of modelled snapshots 313 and vertical profiles from the latest Jurassic to the present (~160 -0 Ma) (Fig. 5) . In 314 addition, we extracted the predicted dynamic topography at specified points in New 315 Guinea (Figs 5 and 6) to obtain the point-specific evolution of dynamic topography 316 for all four cases from 160 Ma to the present (Fig. 7) . 317 318
Results 319

Comparison of predicted present-day mantle structure to seismic 320 tomography 321
We qualitatively compare vertical profiles of predicted mantle temperature 322 (Fig. 5) to seismic tomography models (Fig. 8) . Model temperature anomalies arecompared to seismic tomography velocity anomalies, assuming the latter result 324 primarily from thermal perturbations (Becker and Boschi, 2002; Grand, 2002) . We 325 use a combination of P-and S-wave tomographic models, with the former providing 326 high resolution mantle imaging beneath subduction zones and continents 327 (Romanowicz, 2003) , and the latter providing a more uniform global coverage of the 328 mantle and more equal sampling of the lower mantle (Grand, 2002) . Whilst the 329 seismic tomography models share first-order similarities, they differ on scales smaller 330 then several hundreds of kilometres (Fig. 8 ) and this is due to model resolution, data 331 collection biases including the earthquake sources used and the earthquake relocations 332 applied as well as crustal correction and model parameterisation (Grand, 2002 ; 333 (Fig. 8e) . 339
Our numerical models exhibit reasonable compatibility with the positive 340 seismic velocity anomalies in P-and S-wave tomographic models (Fig. 8) , with 341
Case 4 arguably generating the best match to mantle structure. In the mid-mantle, 342 notable discrepancies are observed between the four modelled cases, particularly 343 regarding the position of the Sepik slab which in Case 4 ( (Table 1) , as well as the choice of radial viscosity (Fig. 4) 
Comparison of time-dependent dynamic topography to paleogeography 365
The reasonable visual agreement between the mantle structure produced by 366 the flow models and seismic tomography models encourage us to analyse the time-367 varying prediction of dynamic topography trends, which are likely to provide insight 368 into the dynamic uplift and subsidence of the region. The modelled evolution of 369 dynamic topography is characterised by periods of subsidence and uplift that are 370 similar to the alternating periods of flooding and emergence preserved in the regional 371 sedimentary record (Fig. 6) . The dynamic topography signals varied only minimally 372 between the four tested scenarios, with the observed differences attributable primarily 373 to relative plate motions as well as variations in radial viscosity. In the models, 374 subduction history plays a key role in determining dynamic topography trends. The 375 paleogeographic record (Figs 2, 3 and 6a) provides a constraint with which to 376 compare our topography predictions. The mantle flow models present a period of 377 dynamic subsidence from the latest Jurassic to Early Cretaceous times (Fig. 6b) period of dynamic subsidence is again validated using the paleogeographic record, 397 which preserves a history of widespread continental inundation throughout Miocene 398 times (Fig. 6) . 399
We also compare modelled dynamic topography at specified points in New 400 Guinea, namely Irian Jaya (P1), central New Guinea (P2) and Papua New Guinea (P3) 401 (Fig. 1 and 5) , to study the regional variation of subsidence and uplift trends (Fig. 7) . ~66 Ma preceding the first collision, and ~25 Ma preceding the second collision (Fig.  471 2) (Dow, 1977; Norvick, 2003) . This timeline suggests orogenic loading associated flow and dynamic topography. Moreover, future tectonic models should see 520 refinements to both the absolute plate motions in deep time and regional plate motionstowards present day that aim to correct for the lateral offsets and incorrect estimation 522 of slab volumes (Fig. 8) . 523 524
Conclusions 525
Here we investigate the interplay of the plate-mantle system and its impact on 526 the vertical motion of continents in complex areas of orogeny. Using a case study of 527 the northern Australian continental margin we couple global plate reconstructions 528 with forward geodynamic models to predict the influence of the mantle flow on 529 ancient patterns of flooding and emergence. Our results provide support for 530 subduction driven dynamic uplift and subsidence from the Jurassic to the present, 531 with our model predictions being in agreement with the paleogeographic record. We 532 predict subduction at the East Gondwana margin prior to the Cretaceous provided a 533 positive feedback with higher eustatic sea levels to generate long-term regional 534 flooding. During the Miocene, however, subduction that produced the Maramuni arc 535 played a fundamental role in causing the widespread inundation, with evidence 536 suggesting contemporaneous long-term sea-level fall. As for the subduction of the 537 Jurassic-Cretaceous age Sepik back-arc basin, local collision and terrane accretion 538 masks its subsidence effect on New Guinea. Further research could explore the 539 potential surface expression of this slab in the tectonically quiescent region of 540
Australia. 541
To more confidently evaluate the role of tectonic processes in generating the 542 observed subsidence, further research may include the development of models that 543 consider orogenesis, elastic thickness and foreland flexure. Our analysis demonstrates 544 that deep Earth dynamics can be coupled to paleogeographic reconstructions of New 
Digital supplementary files 561
We provide an animation for the evolution of predicted dynamic topography from 562 Case 4. 563 . Dynamic topography and mantle temperature as predicted by Case 4. The evolution of modelled dynamic topography is presented within the tectonic framework of the region displaying subduction zones (red) and plate boundaries (brown). White stars indicate locations from which dynamic topography values were extracted throughout time (see Fig. 7) . A great circle (thick black line, with white markers every 5 degrees) intersecting central New Guinea and eastern Australia has been reconstructed with the plate reconstruction of Zahirovic et al. (2016b) . The evolution of mantle temperature is presented along this vertical profile from the surface to the core mantle boundary. In the Late Jurassic, tectonics in the northern Australian continental margin are dominated by the East Gondwana (EaG) active margin, with the first appearance of the EaG slab evident at ~150 Ma (a). This temperature anomaly dominates the mantle structure between New Guinea and Australia until the onset of north-dipping subduction of the Sepik (SEP) at ~70 Ma followed by south-dipping subduction of the Maramuni arc from ~23 -15 Ma. MS -Maramuni Slab. CSCaroline Slab. respectively lightpink and green) . The comparative trends between sea level and flooding history highlight the discrepancies in correlating eustasy to inundation patterns. This is particularly evident during Early Miocene times when despite long-term falling sea levels, the continent is approximately 90% flooded. Such observations suggest the presence of another process influencing the continental inundation of New Guinea. b) Modelled dynamic topography signal of Cases 1-4 from central location in New Guinea (P2 in Fig.1 ). The trends of dynamic subsidence and uplift indicate a link to flooding and emergence patterns where eustasy explanations are lacking. The light blue shading that denotes regional flooding is generally correlated with dynamic subsidence (decreasing dynamic topography).
